INTRODUCTION
============

Telomeres are complexes of tandem TTAGGG repeats of 5000 to 15000 base pairs that reside at the ends of chromosomes \[[@r1]\]. Their main function is to cap these chromosome ends and prevent chromosomal instability \[[@r2]\]. Telomeres shorten by each cell division, until a critical length is reached. This leads to permanent and irreversible growth arrest, referred to as replicative senescence \[[@r3]\]. Telomere length is a well-established marker of biological age \[[@r4]\]. Although telomere length is partly heritable, there are major differences in telomere length even among monozygotic twins, which illustrates that environmental factors are important in telomere attrition rate \[[@r5]\].

Recently, we illustrated and validated that arteriosclerosis in smaller intrarenal arteries of kidneys is associated with shorter telomere length, suggesting a role of telomere shortening or biological aging in the development renal arteriosclerosis. Moreover, we described that shorter (intrarenal) telomere length associates with history of hypertension and cardiovascular events in a cohort of native kidneys used for transplantation \[[@r6]\]. This association between shorter telomere length and clinical cardiovascular disease has also been described in the cardiovascular field \[[@r7]--[@r9]\]. It could therefore be hypothesized that renal arteriosclerosis reflects a specific senescence process. In contrast, other lesions included in the phenotype of "nephrosclerosis" (glomerulosclerosis, interstitial fibrosis, tubular atrophy) did not associate with history of cardiovascular events, hypertension or telomere length, and likely represent cumulative non-specific injury processes, rather than specific aging processes \[[@r6]\].

The lesions of arteriosclerosis begin as the intima of the arterial wall fills up with the deposition of cellular waste and ends with a thickening and loss of elasticity of the arterial walls \[[@r10], [@r11]\]. Different molecular pathways like cell proliferation regulatory pathways including genes involved in the cell cycle regulation checkpoints, cytokine-associated signaling pathways and lipoprotein pathways have been associated with the presence of arteriosclerosis \[[@r12]--[@r14]\].

Given the recent suggestions that intrarenal arteriosclerosis associates with replicative senescence, but the lack of molecular underpinning of these findings, we investigated the association between intrarenal telomere length and intrarenal arteriosclerosis at the molecular level using micro-array gene expression analyses.

RESULTS
=======

Population characteristics
--------------------------

Between February 2013 and April 2015, 297 renal transplantations were performed at the University Hospitals Leuven, of which 213 had a pre-implantation renal allograft biopsy for evaluation of telomere length, gene expression and histological evaluation available (40 test cohort, 173 validation cohort). In the test cohort mean T/S ratio of intrarenal telomere length was 1.17±0.20 (range 0.69-1.74). In the validation cohort mean T/S ratio of intrarenal telomere length was 1.02±0.19 (range 0.59-1.74). [Table 1](#t1){ref-type="table"} summarizes the characteristics of our cohort and the histology of the biopsies that were included. Shorter intrarenal telomere length associated significantly with the presence of renal arteriosclerosis in the test cohort (T/S ratio 0.91±0.15 vs. 1.20±0.23 with vs. without arteriosclerosis; p=0.007) and in the validation cohort (T/S ratio 0.98 ±0.26 vs. 1.03 ±0.18 with vs. without arteriosclerosis, p=0.02).

###### Demographics and histology of the subjects and biopsies included in this study.

  ------------------------------------------ -------------------------------- --------------------------------
  **Demographics**                           ***Test cohort***                ***Validation cohort***
  N                                          *40*                             *173*
  **Donor Characteristics**                                                   
  Calendar Age (years)                       48.0 ± 15                        48.7 ± 15
  Male Gender % (N)                          57.5% \[43\]                     49.1% (85)
  Living/Deceased Donor % (N)                10.0% (4)/90.0% (36)             11.6% (20)/88.4% (153)
  Brain Death / Cardiac Death % (N)          72.2%(26)/27.8%(10)              79.0%(120)/21.0%(32)
  Body Mass Index (kg/m^2^)                  29.0 ± 5.3                       28.5 ± 11.9
  History of Cardiovascular Events % (N)     40.0% (16)                       43.4% \[44\]
  Cold Ischemia Time (hours)                 12.0 ± 5.8                       11.5 ± 5.9
  **Histological Characteristics**                                            
  Intrarenal telomere length (T/S ratio)     1.17±0.20                        1.02±0.19
  Banff Arteriosclerosis grade % (N) (159)   0= 87.5% \[45\] 1-2= 12.5% (5)   0= 87.4% (139) 1-2= 12.6% (20)
  ------------------------------------------ -------------------------------- --------------------------------

Data are expressed as mean ± standard deviation unless otherwise specified; ^\#^eGFR was calculated using the MDRD formula \[[@r15], [@r42]\].

Micro-array gene expression and intrarenal telomere length
----------------------------------------------------------

In total, expression of 1300 transcripts significantly associated with intrarenal telomere length at p\<0.05 in multivariable linear regression analysis (adjusted for calendar age, gender and batch), of which 629 were significantly higher expressed in samples with shorter telomeres. These individual transcripts did not pass Benjamini-Hochberg FDR adjustment. Pathway analysis of the 1300 transcripts revealed enrichment of genes coding for proteins of the oxidative phosphorylation pathway (q=5.75x10 \[-10\]), genes involved in the superpathway of cholesterol biosynthesis (q=2.96x10^-8^) and genes involved in the mitochondrial dysfunction pathway (q=1.26x0^-6^) as the top three significant pathways ([Figure 1A](#f1){ref-type="fig"} and [Supplementary Table 1](#SD1){ref-type="supplementary-material"}. The 36 genes that were implicated in these pathways all had increased expression with telomere shortening ([Supplementary Table 2](#SD1){ref-type="supplementary-material"}).

![(**A**) List of the 9 significant canonical pathways associated with telomere length. The significance of the pathways is expressed as the Benjamini-Hochberg-adjusted p value (q value), which is corrected for multiple testing. The percentage on the left y axis represents the percentage of over- and lower expressed genes in the pathway. The numerical value at the top of each bar represents the total number of genes in the canonical pathway. Pathway analysis revealed enrichment of transcripts coding for proteins of the oxidative phosphorylation pathway (q=5.75x10^-10^), transcripts involved in the superpathway of cholesterol biosynthesis (q=2.96x10^-8^) and transcripts involved in the mitochondrial dysfunction pathway (q=1.26x0^-6^) as the first three most significant pathways. (**B**) List of the 3 significant canonical pathways associated with intrarenal arteriosclerosis. The significance of the pathways is expressed as the Benjamini-Hochberg-adjusted p value (q value), which is corrected for multiple testing. The percentage on the left y axis represents the over- and lower expressed genes in the pathway. The numerical value at the top of each bar represents the total number of genes in the canonical pathway. Pathway analysis revealed enrichment of transcripts coding for proteins of the superpathway of cholesterol biosynthesis (q=0.0003), transcripts involved in the superpathway of geranylgeranyldiphosphate biosynthesis I (via mevalonate) (q=0.02) and transcripts involved in the mevalonate pathway I (q=0.03) as the three significant pathways.](aging-12-103098-g001){#f1}

Micro-array gene expression and intrarenal arteriosclerosis
-----------------------------------------------------------

In total, 1472 transcripts significantly associated with intrarenal arteriosclerosis (adjusted for calendar age, gender and batch), of which 674 genes had significantly increased expression in biopsies with arteriosclerosis. These individual transcripts did not pass Benjamini-Hochberg FDR adjustment. Pathway analysis revealed enrichment of genes coding for proteins of the superpathway of cholesterol biosynthesis (q=0.0003), genes involved in the superpathway of geranylgeranyldiphosphate biosynthesis I (via mevalonate) (q=0.02) and genes involved in the mevalonate pathway I (q=0.03) as the three top significant pathways ([Figure 1B](#f1){ref-type="fig"} and [Supplementary Table 1](#SD1){ref-type="supplementary-material"}). In these pathways, 14 genes were significantly associated with presence of arteriosclerosis; 12 overexpressed and 2 lower expressed in biopsies with arteriosclerosis ([Supplementary Table 3](#SD1){ref-type="supplementary-material"}).

Validation of the superpathway of cholesterol biosynthesis
----------------------------------------------------------

Given the significant enrichment of the superpathway of cholesterol biosynthesis in both the analysis of telomere length and intrarenal arteriosclerosis, in these unrelated analyses ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}), we validated selected genes of this pathway ([Table 1](#t1){ref-type="table"}; [Figure 2](#f2){ref-type="fig"} and [Supplementary Tables 2](#SD1){ref-type="supplementary-material"}, [4](#SD1){ref-type="supplementary-material"}) in the independent validation cohort (N=159). In 14 biopsies (8%) there was no evaluation of arteriosclerosis because there was no vessel present in the biopsy. Telomere length correlated significantly with the expression of FDFT1 (p= 0.01, r=-0.20), MSMO1 (p= 0.03, r=-0.16), MVD (p= 0.01, r=-0.16), HSD17B7 (p= 0.002, r=-0.24) and SQLE (p= 0.02, r=-0.17) ([Figure 3](#f3){ref-type="fig"}). When the genes involved in this pathway were expressed as the first principal component of the whole pathway, also this parameter correlated highly significantly with intrarenal telomere length (p= 0.002).

![**The superpathway of cholesterol biosynthesis with the genes significant in the test cohort and validated in the validation cohort marked in yellow.** LSS = lanosterol synthase, FDPS = farnesyl diphosphate synthase; DHCR7 =7-dehydrocholesterol reductase; HMGCR = 3-hydroxy-3-methylglutaryl-CoA reductase; FDFT1 = farnesyl-diphosphate farnesyltransferase 1; IDI1 = isopentenyl-diphosphate delta isomerase 1; ACAT2 = acetyl-CoA acetyltransferase 2; NSDHL = NAD(P) dependent steroid dehydrogenase-like; HMGCS1 = 3-hydroxy-3-methylglutaryl-CoA synthase 1; CYP51A1 =cytochrome P450, family 51, subfamily A, polypeptide 1; SQLE = squalene epoxidase; MSMO1 =methylsterol monooxygenase 1; MVD = mevalonate (diphospho) decarboxylase; HSD17B7 = hydroxysteroid (17-beta) dehydrogenase 7.](aging-12-103098-g002){#f2}

![**The correlation between telomere length and gene expression in the validation cohort.** Associations between telomere length and gene expression were assessed by means of Spearman correlations.](aging-12-103098-g003){#f3}

Presence of arteriosclerosis associated significantly with expression of SQLE, FDPS, MVD, HMGCS1, HSD17B7 and HSF1 (all p≤0.05) ([Supplementary Table 4](#SD1){ref-type="supplementary-material"}, [Figure 4](#f4){ref-type="fig"}). When the genes involved in this pathway were expressed as the first principal component of the whole pathway, also this parameter associated highly significantly with intrarenal arteriosclerosis (p= 0.006).

![**Relation between intrarenal arteriosclerosis and gene expression in the validation cohort.** The p-values represent non-parametric ANOVA. The horizontal lines within the boxes indicate means, the upper and lower ends of the boxes indicate standard deviations, and the whiskers indicate 95^th^ percentiles.](aging-12-103098-g004){#f4}

The superpathway of cholesterol biosynthesis and history of cardiovascular events
---------------------------------------------------------------------------------

History of cardiovascular events associated significantly with the expression of FDFT; DHCR7; FDPS; HMGCS1; IDI1; LSS; MSMO1; MVD; NSDHL; SQLE; CYP51A1 ([Supplementary Table 4](#SD1){ref-type="supplementary-material"}, and [Figure 5](#f5){ref-type="fig"}). When the superpathway of cholesterol biosynthesis was expressed as the first principal component of all genes involved in this pathway, this parameter associated highly significantly with history of cardiovascular events (p= 0.004).

![**Relation between history of cardiovascular events in the validation cohort and gene expression.** The p-values represent non-parametric ANOVA. The horizontal lines within the boxes indicate means, the upper and lower ends of the boxes indicate standard deviations, and the whiskers indicate 95^th^ percentiles.](aging-12-103098-g005){#f5}

DISCUSSION
==========

In the current study, whole genome expression analyses in kidney biopsies revealed significant enrichment of the superpathway of cholesterol biosynthesis in the gene expression changes that associate with telomere attrition and with intrarenal arteriosclerosis. The most relevant genes of this pathway were confirmed in an independent validation cohort. The expression of selected genes of the cholesterol pathway also associated with history of cardiovascular events.

The superpathway of cholesterol biosynthesis summarizes the different routes of cholesterol biosynthesis. Less than half of the cholesterol in the body derives from biosynthesis *de novo*. Cholesterol biosynthesis in the liver accounts for approximately 10% and in the intestine approximately 15% of the daily production, but all human cells can produce cholesterol. There is evidence of the expression of cholesterol pathways and production of cholesterol by the kidney, more specifically by the proximal tubular cells, mesangial cells and podocytes \[[@r15]--[@r17]\]. Moreover, there is endogenous production of cholesterol by vascular cells, which are also present in the kidney \[[@r18]\]. Synthesis of cholesterol originates from the transport of acetyl-CoA from the mitochondria to the cytosol. The mevalonate pathway of cholesterol synthesis initiates with formation of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) from acetyl-coenzyme A, through enzymatic interaction by HMG-coenzyme A synthase (HMGCS). HMGCS expression was increased in our analysis, both in the test and in the validation cohort. The rate-limiting step in cholesterol synthesis occurs at HMG-CoA reductase (HMGCR), which was also overexpressed in our micro-array analysis in the presence of telomere attrition and presence of arteriosclerosis, although we could not validate this in the RT-PCR experiment. The synthesis of squalene represents the first cholesterol-specific step in the cholesterol synthesis pathway, and several transcripts in this specific pathway were overexpressed in our analyses, like squalene epoxidase (SQLE), farnesyl diphosphate synthase (FDPS), and transferase (FDFT1). Squalene then undergoes a two-step cyclization to yield lanosterol, which is finally converted to cholesterol, depending on a large chain of intermediary products ([Figure 2](#f2){ref-type="fig"}). Several of the key enzymes in this downstream cascade were differentially expressed in our analyses.

Intracellular lipid content is importantly influenced by the rate of uptake of lipids from the circulation, and by this from circulating lipid levels \[[@r19]\]. In patients with homozygous familial hypercholesterolemia, the superpathway of cholesterol synthesis is upregulated because of defective binding of lipoproteins to cells \[[@r20], [@r21]\]. Intracellular lipid synthesis is regulated by sterol regulatory element binding proteins (SREBP), and intracellular cholesterol content is heavily regulated to prevent toxicity from progressive intracellular accumulation of cholesterol \[[@r22]\]. Competitive inhibitors of HMG-CoA Reductase (HMGCR), better known as statins, inhibit cholesterol synthesis and diminish cardiovascular risk by inhibition of the first step of this pathway. The contribution of lipid metabolism to atherosclerosis has been reviewed previously \[[@r19], [@r23], [@r24]\]. Intracellular lipid accumulation is proatherogenic through an array of secondary effects, including immune cell stimulation and endothelial cell dysfunction \[[@r19]\]. Moreover, transformation of contractile smooth muscle cells to migratory, proliferative and synthetic smooth muscle cells has been associated with alterations of cellular lipid homeostasis and overexpression of genes involved in cholesterol biosynthesis \[[@r25]\], although it should be emphasized that these last data need further validation. Moreover, homocysteine leads to dysregulated cholesterol synthesis in endothelial cells, which could be involved In the proatherogenic effects of hyperhomocysteinemia \[[@r26]\].

Intrarenal lipid metabolism was investigated only scarcely. It was shown previously that ischemic injury leads to alterations in intracellular lipids, associated with changed expression of HMGCR \[[@r16], [@r27]--[@r30]\]. Also other renal injury processes are associated with altered renal lipid homeostasis \[[@r30]\]. These responses are considered primarily protective, and protect injured cells from additional injury. This earlier research focused on glomeruli and tubular cells. The regulation in renal vascular cells is less clear. Given the fact that the current study used core renal biopsies for gene expression evaluation, the cellular origin of the differentially expressed cholesterol pathway genes remains unclear.

Intimal hyperplasia is the universal response of a vessel to injury, like repeated hemodynamic and oxidative stress on the endothelium \[[@r31], [@r32]\]. Injury-induced intimal hyperplasia underlies the pathogenesis of major cardiovascular diseases \[[@r33]\]. The increased rate of cell turnover in regions with hemodynamic stress has been associated with accelerated telomere attrition and with endothelial cell senescence, which further contributes to endothelial dysfunction and intimal hyperplasia \[[@r7], [@r34]--[@r36]\]. Moreover, the secretory phenotype of senescent cells causes a full range of autocrine and paracrine activities, aimed at tissue repair, but also fuels degenerative and proliferative changes contributing to arteriosclerosis \[[@r9]\].

In the current study, we demonstrate for the first time that there are significant associations between renal arteriosclerosis, intrarenal telomere attrition and dysregulation of cholesterol biosynthesis in kidney biopsies. Notwithstanding the interest of this finding, the current study is not suited to distinguish causal relations between these factors. Telomere attrition and renal dysregulation of cholesterol metabolism could be caused by common risk factors that contribute to intrarenal arteriosclerosis. On the other hand, overexpression of the cholesterol biosynthesis genes could accelerate intrarenal arteriosclerosis and from this accelerated telomere attrition, as a protective mechanism \[[@r37]\]. Furthermore, it could be hypothesized that telomere attrition in itself leads to altered cholesterol biosynthesis and arteriosclerosis. Finally, it could be hypothesized that the observed alterations are rather protective in nature. Further evaluation of these very different hypotheses will be necessary to better understand the likely complex interplay between renal arteriosclerosis, senescence and cholesterol homeostasis. Given the suggestion that renal arteriosclerosis represents specific senescence processes, and the fact that cholesterol homeostasis can be influenced by relatively safe therapeutic interventions, our data-driven results provide first clues how progressive renal arteriosclerosis could be slowed down.

Our study has several limitations. It should be acknowledged that the associations between gene expression, telomere length and renal arteriosclerosis was not strong, and statistical analysis did not pass stringent Benjamini-Hochberg criteria for multiple testing. Nevertheless, the downstream pathway evaluation and independent validation of individual targets largely overcomes this drawback. Given this intrinsic drawback, it could be that this approach decreases the sensitivity to detect other significant genes or pathways associated with these phenotypes. Next, it should be emphasized that the primary micro-array analysis was performed on a low number of heterogeneous samples, especially with low prevalence of renal arteriosclerosis in the test cohort. Again, independent validation of the main findings decreases this issue, although the potential for type 2 errors remains. Another limitation of this study is that global intrarenal gene expression does neither provide any spatial information nor insight in the cellular origin of the detected signals. Given the apparent importance of cellular cholesterol homeostasis in our analysis, information on circulating and intrarenal cholesterol levels would be important for interpretation of our data, but these levels were not available. Although clinical demographics were collected prospectively, some kidney donor parameters that could be of importance could have been recorded incompletely. Finally, it has to be acknowledged that the reproducibility of semi-quantitative histologic scoring of kidney biopsies is moderate at best, and that sampling error is inherent to any biopsy study. Despite these shortcomings, the independent validation of the association between telomere length, renal arteriosclerosis and the cholesterol pathways supports the robustness and reproducibility of our data.

In conclusion, our study suggests that there is an association between overexpression of intrarenal cholesterol biosynthesis, shorter intrarenal telomere length and increased renal arteriosclerosis in humans, although no causality can be inferred from our data. Further studies are necessary to elucidate the cell types involved, the impact of circulating cholesterol levels and the causal relations. Whether treatment aimed at inhibiting cholesterol biosynthesis has beneficial effects on renal biological aging or renal arteriosclerosis, warrants further study.

MATERIALS AND METHODS
=====================

Inclusion and exclusion criteria
--------------------------------

A test cohort of 40 consecutive kidneys, for transplantation in adult recipients between February 2013 and September 2013 at the University Hospital Leuven (Leuven, Belgium), was included in this study. Pre-implantation biopsies were performed in these kidneys, for evaluation of telomere length, gene expression and histological evaluation available. The validation cohort included kidney biopsies from 173 consecutive kidney donors for transplantation in adult recipients, transplanted between September 2013 and April 2015 at this same institution. This study was approved by the Ethics Committee/Institutional Review Board of the University Hospitals Leuven, Leuven, Belgium (OG032; ML7499 and ML9785; clinicaltrials.gov NCT01331668).

Clinical data collection
------------------------

Clinical data were obtained from the Eurotransplant database ("Eurotransplant Donor Report"), which is maintained prospectively and is the central source of donor data for organ transplantation in the Eurotransplant region. The following data were collected: calendar age, gender, cause of death, weight and length, living vs. deceased donor, brain death vs. cardiac death donor, body mass index, history of cardiovascular events prior to donation (including reason for death in deceased donors) and terminal serum creatinine levels before organ recovery. Renal function was estimated by the 4-variable Modification of Diet in Renal Disease (MDRD) equation (estimated glomerular filtration rate; eGFR) \[[@r39]\].

Kidney biopsies and histologic evaluation
-----------------------------------------

One pathologist (EL) reviewed all pre-implantation kidney biopsies, without knowledge of any demographic information. The biopsy specimens were wedge biopsies with slides containing 4 to 10 paraffin sections (2 μm) that were stained with hematoxylin eosin, periodic acid--Schiff, and a silver methenamine staining method (Jones). The severity of histologic lesions, interstitial fibrosis (Banff "ci" score), tubular atrophy (Banff "ct" score), arteriolar hyalinosis (Banff "ah" score) and arteriosclerosis (Banff "cv" score = vascular fibrous intimal thickening = intimal hyperplasia), were scored semiquantitatively according to the Banff criteria \[[@r40]\]. In addition, the total number of glomeruli in each biopsy, and the number of globally sclerosed glomeruli, were calculated separately. Only biopsies with \>10 glomeruli (A quality) were included for evaluation of glomerulosclerosis.

Telomere length in kidney biopsies
----------------------------------

Since November 2012, next to the wedge biopsy that was used for histological evaluation, a full renal cortical biopsy core was obtained prior to implantation, and immediately stored in Allprotect Tissue Reagent (Qiagen, Venlo, The Netherlands) solution, until extraction.

DNA extraction was performed by the Allprep DNA/RNA/miRNA Universal Kit (Qiagen, Venlo, The Netherlands) on a QIAcube instrument (Qiagen, Venlo, The Netherlands). Both DNA yield (ng/μL) and purity ratios A260/280 and A260/230 were determined using a Nanodrop ND-1000 spectrophotometer (Isogen Life Science, De Meern, the Netherlands) and needed to be within strict quality limits (yield 50 ng/μL; purity ratio range 1.5-2 and 1.5-2 for A260/280 and A260/230, respectively) for inclusion of the samples in the study. Extracted DNA samples were stored at -80°C until further use.

Telomere length in renal tissue samples was measured based on a modified quantitative real-time PCR protocol \[[@r41]\]. Telomere lengths were expressed as the telomere repeat copy number relative to a single-copy gene (*36B4*). DNA samples were diluted to 5ng and checked using the Quant-it PicoGreen dsDNA assay kit (Life Technologies) to ensure uniform DNA input for PCR quantification. The telomere reaction mixture contained 1x Qiagen QuantiTect SYBR Green Mastermix, 2.5 mM of dithiothreitol, 300 nM of telg primer (5'-ACACTAAGGTTTGGGTTTGGGTTT- GGGTTTGGGTTAGTGT-3'), and 900 nM of telc primer (5'- TGTTAGGTATCCC- TATCCCTATCCCTATCCCTATCCCTAACA-3'). Telomere PCR conditions were: 1 cycle at 95°C for 10 min, followed by 2 cycles of 15 sec at 94°C and 2 min at 49°C, and 30 cycles of 15 sec at 94°C, 20 sec at 62°C and 1 min 40 sec at 74°C. The single-copy gene (36B4) reaction mixture contained 1x Qiagen QuantiTect SYBR Green Mastermix, 300nM 36B4U primer (5'-CAGCAAGTGGGAAGGTGTAATCC-3') and 500nM 36B4D primer (5'-CCCATTCTATCATCAACGGGTACAA-3'). Single-copy gene PCR conditions were: 1 cycle at 95°C for 10 min, followed by 40 cycles at 95°C for 15 sec, and 58°C for 1 min 10 sec. Samples were run in triplicate on an Applied Biosystems 7900HT Fast Real-Time PCR system in a 384-well format. PCR efficiency was calculated based on a 6-point serial dilution (20ng-0.08ng) of pooled buffy-coat DNA and was accepted between limits of 90-110%. Relative average telomere lengths were calculated using qBase software (Biogazelle, Zwijnaarde, Belgium) and expressed as the ratio of telomere copy number to single-copy gene number (T/S) compared to the average T/S ratio of the entire population. We achieved a coefficient of variation within telomere and single-copy gene triplicates of 0.70% and 0.51% respectively. All biopsies passed quality control for assessment of intra-renal telomere length.

Whole genome micro array mRNA expression analysis
-------------------------------------------------

In the test cohort (N=40), whole genome microarray mRNA expression analysis was performed using Affymetrix Gene 2.0 ST arrays (N=40), which covers in total 40.716 RefSeq transcripts and 11.086 lincRNA transcripts. Total RNA (150 ng) was used to analyse the mRNA expression via human Gene 2.0 ST arrays according to manufacturer's manual (4475209 Rev.B; Applied Biosystems, CA and 702808 Rev.6; Affymetrix, CA). Briefly, in the first cycle, double stranded cDNA was prepared with random hexamers tagged with a T7 promoter sequence followed by the generation of cRNA using the GeneChip WT Synthesis and Amplification kit (Applied Biosystems, CA). cRNA concentration after cleanup was measured with the NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies). In the second cycle, sense oriented single-stranded DNA containing dUTP was generated and the concentration was, after cleanup, measured using the NanoDrop spectrophotometer. cRNA was hydrolysed and the single-stranded DNA was fragmented using uracil DNA glycosylase (UDG) and apurinic/apyrimidinic endonuclease 1 (APE1) (GeneChip WT terminal Labeling kit, Affymetrix). The quality of fragmentation (fragments should be between 40 and 70 nucleotides) was checked on the Bioanalyzer (Agilent, Waldbronn, Germany). The fragmented DNA was labeled by terminal deoxynucleotidyl transferase (TDT) with the Affymetrix DNA Labeling reagent that is covalently linked to biotin (GeneChip WT terminal Labeling kit, Affymetrix). Labeled DNA was hybridized to the array during 17h at 45°C. The arrays were washed and stained in a fluidics station using the GeneChip hybridization, Wash end Stain kit (Affymetrix) and scanned using the Affymetrix 3000 GeneScanner. All image files were generated using the Affymetrix GeneChip command console (AGCC). The raw data were analysed with RMA sketch using the standard settings for Gene 2.0 ST arrays of Expression Console in the AGCC software.

mRNA gene expression analysis
-----------------------------

RT-PCR was performed in the validation cohort using OpenArray™ technology, a real-time PCR--based solution for high-throughput gene expression analysis (Quantstudio 12K Flex Real-Time PCR system, Thermofischer Scientific; Ghent, Belgium). After analysis of the intersecting pathways enriched in the micro-array gene expression analyses, expression of individual genes from the most robust pathway was validated. 14 genes were selected from the micro-array model (FDPS; DHCR7; LSS; HMGCR; FDFT1; IDI1; ACAT2; NSDHL; HMGCS1; CYP51A1; SQLE; MSMO1; MVD; HSD17B7) together with 3 housekeeping genes 18s, HPRT and GAPDH ([Supplementary Table 5](#SD1){ref-type="supplementary-material"}).

RNA extraction was performed by the Allprep DNA/RNA/miRNA Universal Kit (Qiagen, Venlo, The Netherlands) on a QIAcube instrument (Qiagen, Venlo, The Netherlands). cDNA synthesis was performed according the manufacturer's instructions with 50 ng mRNA (Superscript VILO cDNA synthesis kit, Thermo Fisher Scientific, Gent, Belgium). Preamplification was performed according the manufacturer's instructions. The pre-amplified cDNA was mixed with TaqMan Universal PCR Master Mix and injected on the OpenArray™ slide using OpenArray Accufill System (Thermo Fisher Scientific, Gent, Belgium). The OpenArray™ slides were spotted with the requested assays and the three endogenous controls 18S, HPRT and GAPDH by the manufacturer (Thermo Fisher Scientific, Gent, Belgium). Data were analyzed using the QuantStudio 12K flex software. Gene expression in each sample was calculated relative to the expression of a reference RNA sample, using the ΔΔCt method with log2 transformation.

Statistical analysis
--------------------

For the microarray gene expression analysis, multivariable linear regression was performed to examine the association between telomere length and log~2~-transformed gene expression level of each probe set, adjusted for calendar age, gender and batch number. Second, also multivariable logistic regression analysis was performed to examine the association between the presence of arteriosclerosis (Banff grade absent vs. present) and log~2~-transformed gene expression levels. Genes with a p-value smaller than 0.05 were classified as being significantly associated with telomere length or presence of arteriosclerosis. Also, Benjamini-Hochberg false discovery rate-adjusted p-value were calculated \[[@r42]\]. For biological interpretation, the differentially expressed genes, based on unadjusted p-values, were loaded into Qiagen's Ingenuity® Pathway Analysis (IPA®) platform. Pathways with a q-value (Benjamini-Hochberg false discovery rate-adjusted p-value) below 0.05 were considered significantly overrepresented. In the validation cohort, gene expression differences between groups were analyzed using parametric or non-parametric one-way ANOVA. Associations between telomere length and gene expression were assessed by means of Spearman correlations. To integrate gene expression data for different transcripts, principal component analysis was used. From the principal component analysis, a principal component represents a linear combination of gene expression levels of a range of selected genes with as weights the eigenvectors. Principal components having eigenvalues \>1 were selected. For variance analysis of continuous variables in different groups, non-parametric Wilcoxon-Mann-Whitney U, non-parametric ANOVA and parametric one-way ANOVA were used, as appropriate. Dichotomous variables were compared using the chi-square test. All tests were two-sided and p-values less than 0.05 were considered to indicate statistical significance. The results are expressed as numerical values and percentages for categorical variables and as mean ± standard deviation for continuous variables, unless stated otherwise. Analyses were done with SAS (version 9.2; SAS institute, Cary, NC), JMP9.0 (SAS institute, Cary, NC), GraphPad Prism (version 5.00; GraphPad Software, San Diego, CA) and Qiagen's Ingenuity® Pathway Analysis (IPA®; Redwood City, CA).
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